Surface modification of photoanodes with oxygen evolution reaction (OER) catalysts is an effective approach to enhance water oxidation kinetics, to reduce external bias, and to improve the energy harvesting efficiency of photoelectrochemical (PEC) water oxidation. Here, the surface of porous BiVO4 photoanodes was modified by the deposition of undoped and Ni-doped CoOx via nitrogen flow assisted electrostatic spray pyrolysis. This newly developed atmospheric pressure deposition technique allows for surface coverage throughout the porous structure with thickness and composition control. PEC testing of modified BiVO4 photoanodes show that after deposition of an undoped CoOx surface layer, the onset potential shifts negatively by ca. 420 mV and the photocurrent density reaches 2.01 mA·cm -2 at 1.23 vs. VRHE under AM 1.5G illumination.
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ABSTRACT:
Surface modification of photoanodes with oxygen evolution reaction (OER) catalysts is an effective approach to enhance water oxidation kinetics, to reduce external bias, and to improve the energy harvesting efficiency of photoelectrochemical (PEC) water oxidation. Here, the surface of porous BiVO4 photoanodes was modified by the deposition of undoped and Ni-doped CoOx via nitrogen flow assisted electrostatic spray pyrolysis. This newly developed atmospheric pressure deposition technique allows for surface coverage throughout the porous structure with thickness and composition control. PEC testing of modified BiVO4 photoanodes show that after deposition of an undoped CoOx surface layer, the onset potential shifts negatively by ca. 420 mV and the photocurrent density reaches 2.01 mA·cm -2 at 1.23 vs. VRHE under AM 1.5G illumination.
Modification with Ni-doped CoOx produces even more effective OER catalysis and yields a photocurrent density of 2.62 mA·cm -2 at 1.23 VRHE under AM 1.5G illumination. The valence band X-ray photoelectron spectroscopy and synchrotron-based X-ray absorption spectroscopy results show the Ni doping reduces the Fermi level of the CoOx layer; the increased surface band bending produced by this effect is partially responsible for the superior PEC performance.
INTRODUCTION
Artificial photosynthesis is the concept of replicating the natural process of photosynthesis by capturing solar energy in chemical bonds. [1] [2] [3] Although the concept dates back to the early 20 th century, 4 there has been increasing recent interest in developing artificial photosynthesis schemes which could create a sustainable energy supply and combat the effects of climate change due to fossil fuel combustion. [5] [6] [7] In this context, photoelectrochemical (PEC) water splitting is an artificial photosynthesis approach which performs solar to fuel conversion through the generation of hydrogen and oxygen. [8] [9] [10] [11] There are a number of possible device designs and geometries which can perform PEC water splitting. 12 One specific device design uses a tandem photovoltaic approach to generate the requisite potential to drive the water splitting reaction, which is typically ca. 0.6 V above the thermodynamic minimum of 1.23 V. [13] [14] [15] [16] Recently, there has been significant research interest in the development of metal oxides as photoanodes for overall water splitting. [17] [18] [19] [20] This class of materials tends to have a higher band gap than traditional PV materials such as Si, making them attractive for the top cell in a tandem design. 15 Bismuth vanadate (BiVO4) has emerged as an attractive photoanode for PEC water splitting and also for fundamental studies of charge separation, transport, and solid-electrolyte interactions. 21 Its bandgap of 2.4 eV gives it a theoretical maximum current density of 7.21 mA/cm 2 (see Supporting Information). Recent studies report that BiVO4 has the most negative photocurrent onset potential for water oxidation among all the reported visible light absorbing n-type photoanodes due to its favorable band edge alignment with the water redox potentials. 22 The large onset potential, relative to the O2/H2O potential, is advantageous in the design of monolithic 4 tandems; as a result, monolithic devices with BiVO4 photoanodes have achieved overall solar to H2 conversion efficiencies approaching 5 mol%. 23, 24 In general, surface modification of BiVO4 (and most other photoanodes) with co-catalysts is used to achieve the best performance and stability. 25 Surface modification of photoanodes with OER catalysts is an effective approach to reduce the photocurrent onset potential because it can enhance water oxidation kinetics and reduce external bias. [25] [26] [27] [28] [29] For BiVO4, the surface modification should perform OER in the appropriate pH range and also reduce the hole recombination at the BiVO4/catalyst interface. There has been extensive work on the integration of BiVO4 with OER catalysts (see Table S1 for details, Supporting Information). For operation in near-neutral solution (~ pH 7) cobalt-phosphate [30] [31] [32] and iron and nickel (oxy)hydroxides [33] [34] [35] have been investigated as co-catalysts for BiVO4. For more alkaline conditions (up to pH 13), transition metal oxides, such as cobalt oxides, [36] [37] [38] [39] nickel oxides, 37 and ZnFe2O4, 40 have also been studied.
Choi and co-workers reported that dual-layer FeOOH/NiOOH OER catalysts reduced the charge recombination and increased the PEC performance of BiVO4 photoanodes. 33 42, 43 The goal of the study was to find a facile method to (1) obtain a continuous coating to cover the surface throughout a porous BiVO4 photoanode, and (2) modify the energetics of the BiVO4/catalyst interface to suppress hole recombination and improve the rate of OER. We found that a nitrogen flow assisted electrostatic spray pyrolysis deposition process could be used to cover the porous BiVO4 structure throughout with the OER catalyst. We also found that doping the surface CoOx layer with Ni ions by this this new method could produce better PEC performance, in part due to increased band bending induced in the BiVO4.
EXPERIMENTAL
Fabrication of porous BiVO4 photoelectrodes. The detailed fabrication procedures are provided in the Supporting Information. Here we present a brief overview of the procedure, which was adapted from Choi and co-workers. 34, 44 First, a film of BiOI nanosheets was deposited on a fluorine-doped tin oxide (FTO) coated glass substrate via an electrochemical synthesis route. Some changes were made to the parameters from the literature to optimize the growth: the pH value was adjusted to 1.5, the applied potential was set at -0.2 V vs. Ag/AgCl, and the deposition time was set to 120 seconds. 34, 44 Subsequently, excess vanadyl acetylacetonate (VO(acac)2) was used to convert BiOI to BiVO4, while the by-product, vanadium oxide, was removed by etching in alkali solution.
Surface modification with CoOx and Ni-doped CoOx. Nitrogen flow assisted electrostatic spray pyrolysis was used to deposit CoOx layers on the BiVO4 photoelectrodes. A schematic of the system is shown in Figure 1 . A traditional electrospray system consists of a high voltage power supply with connections and injection pumps for the precursors. To this basic set-up, we added a heating plate to perform the pyrolysis, a 3 axis motorized linear positioning stages for horizontal 6 scanning, and a co-axial nozzle. The homemade co-axial nozzle consists of a long fine needle (250 mm in length, with an outer diameter of 0.41 mm, and an inlet diameter of 0.21 mm) and a short thick needle (55 mm in length, with an outer diameter of 0.84 mm, and an inlet diameter of 1.27 mm). The spray solution was pumped to the inner tube of the co-axial nozzle (pink, in Figure 1 ), while pressurized nitrogen gas was blown through the outer tube (blue, in Figure 1 ). The liquid precursor was 2.5 mM cobalt acetylacetonate in ethanol sprayed at a flow rate of 0.5 mL per hour; the flow rate of nitrogen gas was set to 400 mL per minute. After placing the BiVO4 thin film on 350 ºC heating plate for 10 minutes, the distance between the substrate and the tip of the nozzle was adjusted to 2 cm, and the voltage was fixed at 5000 V. A reciprocating scanning pattern was employed, and the deposition time was adjusted by using different steps along the x axis, which can be easily set in the control program. Ni-doped CoOx films were prepared by dip-coating heated quartz substrates (100 ºC) into the same precursor solutions followed by the same post anneal treatment, 450 ºC for 2 hours.
Characterization. Surface morphology characterization was performed by a JEOL JSM-7800F
field emission scanning electron microscope (FE-SEM), and energy dispersive X-ray spectroscopy (EDS) analysis was performed using the installed energy-dispersive X-ray detector, OXFORD
INCA. X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos spectrometer (Axis UltraDLD) with monochromatic Al Kα radiation (hν = 1486.69 eV). The C 1s signal centered at 284.8 eV, adventitious carbon, was used to calibrate the binding energies. The reflectance and transmittance spectra of the films were obtained from a double-beam UV4100 UVvis-NIR spectrophotometer equipment with an integrating sphere detector. X-ray absorption spectroscopy (XAS), near-edge structure (XANES) and extended X-ray absorption fine-structure (EXAFS) were also used to probe the atomic structure of the surface layer. The XAS, XANES, and EXAFS measurements were performed on beamline 7-3 at the Stanford Synchrotron Radiation Lightsource (SSRL). The synchrotron wide-angle X-ray scattering (WAXS) diffraction measurement was performed on beam line 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL). The incidence angle was 2 degrees, and the x-ray energy was 12.735 KeV. The conventional wide-angle X-ray scattering (WAXS) diffraction analysis was performed with an X'pert PRO diffractometer (X' Pert PRO MPD, PANalytical, the Netherlands, Cu Ka irradiation, λ = 1.541874 Å).
Photoelectrochemical measurements. The current density vs. voltage (J-V) characteristics were evaluated in a three-electrode system which includes a self-made electrode holder using a CHI 760D scanning potentiostat (CH Instruments). The prepared photoelectrode was used as working electrode. Silver/silver chloride (Ag/AgCl), and a platinum foil served as reference and counter electrodes, respectively. The electrolyte was aqueous 0.5 M Na2SO4. The solar simulator was a 500 W xenon lamp coupled to an AM1.5 filter in order to yield a light intensity of 100 mW·cm -2 , as calibrated by a silicon solar cell from Newport Corporation. The measured potential vs. the Ag/AgCl reference electrode was converted to the reversible hydrogen electrode (RHE) scale using the formula VRHE = VAg/AgCl + 0.059 pH + 0.1976 V. 45 The incident photon-to-charge conversion efficiency (IPCE) was measured with an home-built setup using a three electrode system. A 150 W Xe lamp (Newport) was used as the light source. The flux of photons impinging on the sample was calibrated by a Thorlabs FDS1010-CAL calibrated Si photodiode. A Gamry
Reference 600 potentiostat was used to control the applied potential and current.
RESULTS AND DISCUSSION
Structure of BiVO4/CoOx photoanodes. The porous structure of the BiVO4 film is depicted in Fig. 2 ; additional SEM images are shown in Fig. S1 , indicating the pore size ranges from tens of nanometers to hundreds of nanometers. This porous structure was the basis for all the subsequent surface modified photoanodes. Figure 2 also displays the evolution of the microstructure of the BiVO4 modified by CoOx as the deposition time was increased from 30 minutes to 4 hours. As the deposition time increases, the surface layer becomes a bit thicker, but the porous structure remains.
After 4 hours of CoOx deposition, some additional interconnections in the structure are observed, 9 as indicated by white arrows in Fig. 2 . Synchrotron x-ray diffraction was used assess the presence of crystalline phases in a BiVO4/CoOx photoanode (4 hours of deposition). As shown in Fig. S2 , all observed peaks could be assigned to either monoclinic BiVO4 or the FTO substrate, indicating that the CoOx surface layer is probably amorphous or has only very small crystallites. After 4 hours of deposition and annealing step, interconnections within the porous structure are observed, as indicated by the white arrows in (4 h).
For optimal integration of the OER catalyst with the BiVO4, a continuous coating of CoOx throughout the porous structure is desired. In nitrogen flow assisted electrostatic spray pyrolysis, the gas flow is used to break up the droplets which form on the surface of BiVO4 and drive the precursor into the porous structure. We assessed the vertical uniformity of the CoOx incorporation by performing EDS line scans on cross sections of the photoanode. Figure 3(a) shows that the incorporation of CoOx into the porous structure after 4 hours of deposition and annealing step is quite uniform. In contrast, for a control sample fabricated without the N2 gas flow, Co is concentrated at the top of the film, as shown in Fig 3(b) . Atomic layer deposition (ALD) has been used to form conformal coatings in high surface area structures, including water oxidation photoelectrodes. 43, [46] [47] [48] [49] However, this process requires a low pressure environment and suitable precursor molecules for growth of the desired materials. 50 In contrast, the nitrogen flow assisted electrostatic spray pyrolysis process developed here operates at atmospheric pressure with a simpler precursor chemistry. Also, as shown later, the composition of deposited layers can be controlled by adjusting the components in the precursor solutions.
Furthermore, this method could be used for the large area deposition by employing an array of nozzles to reduce the deposition time, making it much more industrially relevant compared to ALD.
Also, in contrast to ALD, the size of samples which can be treated is not limited by the practical size of the vacuum chamber. 11 intense. After 4 hours of deposition, the Bi 4f and V 2p peaks are still visible. As XPS is sensitive to near-surface elements only, 51 we estimate that the CoOx layers are less than 10 nm thick. PEC evaluation of BiVO4/CoOx photoanodes. The PEC performances of the samples were evaluated using illumination from the back side (through the FTO substrate). This geometry was chosen because, for BiVO4 photoanodes, back side illumination has been shown to be more tolerant to charge recombination than the front side illumination (from electrolyte to photoanode). 52, 53 In Figure The onset potential is determined by the intersection point of the zero current density and the tangent (the dotted line) at maximum slope of photocurrent.
Doping of Ni ions inside CoOx layer.
CoOx surface modification provides a significant enhancement in the current density, but it is still far from the maximum value (4.76 mA/cm 2 ) which could be obtained from the porous BiVO4 photoanodes based on their absorption spectra (see the details in the Supporting Information). The nitrogen flow assisted electrostatic spray pyrolysis process makes it very easy to produce metal-doped surface layers by simply adding the dopant metal ions into the precursor solution. Therefore, we doped small amount of Ni (0.5 mol%, 1 mol%, 2 mol%, 3 mol%, and 4 mol%) inside the CoOx layer by simply adding Ni ions in the precursor solution, and keeping the deposition time at 1 hour, which was the deposition time producing the optimal performance for undoped CoOx. The surface morphology of the doped surface layers illumination, which is ca. 30 mol% greater than the photocurrent density of the pure CoOx surface modified BiVO4 photoanode. Also, Figure 7a shows that Ni-doping does not shift the onset potential. In Figure 7b , the IPCE spectra indicate that the surface layer does not change the spectral response ranges, and the enhanced IPCE for the surface modified photoanodes is consistent with the J-V results. BiVO4/Ni-doped CoOx PEC mechanism. To investigate why Ni-doped CoOx produces a better PEC performance, we will delineate the efficiency of (1) charge generation, (2) charge separation and (3) charge injection/catalysis in a systematic way. First, the absorption spectra were measured to evaluate charge generation, as shown in Figure 8a . The band gap energy (Eg) of the bare-BiVO4 was evaluated by a Tauc plot (Figure 8b) to be approximately 2.42 eV corresponding to a wavelength of 512 nm. Although the photoanode absorbs more light after the surface modification, it is mostly above the photosensitivity edge (denoted by the IPCE spectra in Figure 7b ). Also, Ni doping produces almost no effect on light absorption (Fig. 8a) . Thus, the photocurrent enhancement of surface modified BiVO4 is not attributed to greater light absorption. Global spectrum with an integrated power of 100 mW/cm 2 (from National Renewable Energy Laboratory).
To quantify the catalytic activity contributions of different cobalt-containing surface layers, the charge separation efficiency (ηcs) and the charge injection efficiency (ηci) were evaluated (details in the Supporting Information). The photocurrent for water splitting, Jphotocurrent, is the product of the rate of photon absorption (Jabsorbed), ηcs, and ηci, as shown in Eq. 1 of the Supporting Information.
ηcs is the yield of the charge separation in the bulk, and ηci is the yield of the holes which reach the surface and perform oxidative chemistry in the electrolyte. As shown in Figure 9 , ηcs reveals no significant increase with surface modification, while the cobalt-containing surface layer generates an improvement in ηci, indicating the cobalt-containing surface layer functions as an OER catalyst.
Also, the Ni-doped CoOx layer produces a higher ηci than pure CoOx layer does, suggesting better OER kinetics for the doped layer. However, the evaluation of the OER performance of the surface layers (without BiVO4) in the dark shows that the OER activity of Ni-doped CoOx and undoped
CoOx are similar ( Figure S6 ). Thus, to investigate whether there is a specific interface effect caused by doping the surface layer, the band structure was studied by valence band XPS spectra, as shown in Figure 10 . The photoemission onset, the energetic difference between the Fermi energy and the valence band edge, of the pristine BiVO4 is ca. 1.8 eV (black curve in Figure 10 ), indicating a n-type character. 54 The photoemission onset of the CoOx surface layer is ca. 0.71 eV (red curve in Figure 10 ), which is in agreement with the Co3O4 published literature. 55 For the Ni-doped CoOx surface layer, the photoemission onset is close to the Fermi level (blue curve in Figure 10) , showing that the Ni-doped CoOx can be identified as a p-type material. To gain further insight into the atomic structure, XAS were collected at the Co K-edge on the samples with a relatively thick surface layer (4 hours of deposition), as shown in Figure 11 . The XANES gives more information on the symmetry and the electronic structure, while the EXAFS is more sensitive to bond distances, local disorder, and coordination numbers. 56 EXAFS spectrum is usually interpreted in real (k) or in Fourier transform (R) space. 56 Although the XANES spectra (Figure 11a ) of samples without and with Ni doping are very similar, the k 3 -weighted k-space EXAFS spectra (Figure 11b) show the shape of the curve has a discernable change for wave vectors greater than 10 Å -1 , indicating there should be a change in the R-space. From the EXAFS spectra in R-space, four clear peaks are observed. They are all consistent with the published peaks for Co3O4, indicating the CoOx prepared in this work mostly likely has the short range order of Co3O4. [57] [58] [59] [60] There are two types of cobalt ions with different oxidation states in spinel Co3O4: two Co 3+ ions in the octahedral site and one Co 2+ ion in the tetrahedral site. 61 Reported fitting results
show the first peak (I in Figure 11c ) is consistent with the convolution of two Co-O distances coming from the tetrahedral and octahedral Co coordination respectively. 58, 59 The second peak (II in Figure 11c ) corresponds to the Co 3+ -Co 3+ distance. 58, 60 The third peak (III in Figure 11c ) is assigned to Co 3+ -Co 2+ and Co 3+ -Co 2+ distances. 58, 60 The fourth peak (IV in Figure 11c ) is attributed to higher Co−Co and Co−O shells. We do find that the second peak (II in Figure 11c ) exhibits a slight but observable shift in R-space; it is possible this shift is due to Ni incorporation into the CoOx. Pattengale et al. also found a similar peak shift in the EXAFS spectrum of Bi L3-edge in W-doped BiVO4. 62 Considering both the EXAFS results and the clear shift of the valence band edge (Fig. 10) , it is suggested that Ni incorporates into the CoOx lattice as opposed to forming a composite structure. Considering the work functions of monoclinic BiVO4 (5.27 eV) 54 and Co3O4 (6.1 eV) 63 , the interface band diagram for the n-type BiVO4/CoOx heterojunction is shown schematically in However, under the conditions used to evaluate ηcs and ηci (presence of a hole scavenger SO3 2-), the photo generated surface holes are consumed very rapidly. In this case, the enhanced charge transfer enabled by the larger band bending has only a small effect, as can be seen in Figures 9a and S5. 
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